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The mining industry produces a large amount of stone waste and tailings, which poses a threat to the envi- 
ronment. Dumping is the most common means of disposing of this industrial waste, contributing to soil degra- 
dation and water pollution with the acquisition of valuable land. Fortunately, it can be recycled in a variety of 
technologies, including the promising geopolymerization technology, which turns waste into value. This review 
paper presents recent advances in the production of mine tailings-based geopolymer composites from industrial 
waste as a potential sustainable building material. This article also provides in-depth studies on the behaviors 
and characteristics of mine tailings composites utilized in geopolymer production, such as physical properties, 
mechanical properties, durability properties, microstructural properties, thermal properties, leaching behavior, 
and potential applications. Besides, study developments are moving towards a comprehensive understanding of 
the environmental footprints and economic benefits of mine tailings-based geopolymer composites for building 
applications utilizing mine tailings as suitable concrete material. This review paper also highlights knowledge 
gaps that must be overcome to progress mine tailings composites for geopolymers, as well as future study op- 
portunities based on prior research and existing challenges. 


1. Introduction valuable farms and natural ecosystems [41-45]. The functioning of 


tailing dams increases the likelihood of man-made catastrophes occur- 


Mine tailings accumulate in tailings ponds and mine waste landfills, 
and the challenge of sustainable disposal of these wastes is becoming 
considerably more critical [1-7]. This is due to the metallurgical and 
mining sectors’ increasing production volumes, as well as the lack of an 
acceptable means for disposing of the waste created by these industries, 
on the one hand. On the other hand, it can be explained by the increasing 
stringency of ecological regulations in the majority of wealthy countries 
throughout the world. Lead and mercury, radioactive materials, and 
other mine tailings-related toxins are actively released into the envi- 
ronment as a result of the buildup of tailings [8-11], biota [12-19], 
polluting soils, air [20-25], and water [26-31], and causing cancer in 
humans [32-40]. Pollutants from food processing and feed waste harm 


ring [18,46-53]. 

Furthermore, from the standpoint of rational natural resource man- 
agement, mine tailings should be seen as a mineral source that has been 
extracted from the earth’s subsurface, transported, and underutilized. 
The tailings can comprise trace amounts of target material as well as 
previously unclaimed elements that can be restored via more effective 
mining procedures [46,54—58], which is one reason for this viewpoint. 
The chemical composition of mine tailings, on the other hand, is pri- 
marily composed of silicon, aluminum, and calcium oxides, with a 
percentage ranging from 60 to 90% [59-62]. As a result, tailings have 
the potential to serve as an alternative source for meeting a wide range 
of construction and industry requirements [25,46,63-78]. 
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A prospective trend in mine tailings use appears to be the use of mine 
tailings as geopolymers and precursors of alkali-activated materials or 
aggregates [79-86]. Materials composed mostly of amorphous sodium 
aluminum-silicate hydrate are called geopolymers [87]. They are pri- 
marily solids formed by the interaction of an aluminosilicate powder 
and an alkali solution [88]. According to van Deventer, Provis, Duxson 
and Brice [87], the geopolymer network is composed of Al0O4 and SiO4 
tetrahedra connected by oxygen atoms [88]; Positively charged ions (e. 
g., Cag, Nat, K*, and Li‘) present in the cavity framework balance the 
negative charge. It is possible that using mine tailings as a geopolymer 
approach will not only slow down the accumulation of mine tailings and 
reduce the level of ecological contamination, but it will also combine the 
benefits of geopolymer technology associated with a reduction in carbon 
dioxide release into the environment, the potential of utilizing other 
forms of aluminosilicate waste, and the versatility of geopolymer char- 
acteristics as a general-purpose construction adhesion [89-93]. 
Recently, there has been a considerable increase in understanding 
among a diverse group of specialists in the management of tails in 
common methods. Over a dozen articles have been published detailing 
the efforts made to increase our understanding of the geopolymerization 
processes of tails in order to govern the properties of geopolymers for 
applications such as pollutant removal [94-96], sustainable building 
[70,71,97-99], and another particular usage [34,70,98,100—108]. 

The mine tailings are inhomogeneous and have a complex mineral, 
aggregate, and chemical composition [59,109-111]. Furthermore, 
although having relatively low quantities of valuable components, mine 
tailings contain hazardous and toxic compounds connected with waste 
products or mining activities [82,84, 112-114]. All of these factors make 
it more difficult to manage mine tailings directly in order to obtain 
geopolymers that meet ecological safety criteria in respect of impurity 
content while also achieving the essential complex functional charac- 
teristics for the manufactured product. 

As a result, tackling the issues associated with the use of mine 
tailings-geopolymer composites is especially useful, both in terms of 
limiting the negative impact on the environment and the prospect of 
growing the resource base of fabricated mineral raw materials. It is 
greatly beneficial to solve the problems linked with the use of mine 
tailings-geopolymer composites. This review begins with a discussion of 
some of the physicochemical and ecological issues surrounding the 
utilization of mine tailings-geopolymer composites. Mine tailings- 
geopolymer composites are discussed in length in this paper, which is 
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both a generalization and a thorough investigation of the link between 
their structural, mechanical, and thermal capabilities, as well as their 
durability and other substantial aspects. Apart from the useful features 
of the formation of the characteristics of mine tailings-geopolymer 
composites, we discuss comprehensively the well-known cases of its 
utilization in promising applications. 


2. Geopolymerization 


Geopolymer is an amorphous aluminosilicate that results from the 
polycondensation of inorganic compounds [115,116]. It is defined as an 
alkali-activated material and is produced through the reaction of 
aluminosilicate materials with an alkaline activator, which is usually a 
concentrated alkali hydroxide, silicate, carbonate, or sulfate. In the late 
1970s, Professor Joseph Davidovits carried out research on fireproof 
polymers and introduced the term geopolymer, which was coined to 
describe a family of alkali-activated aluminosilicate binders [115,116]. 
Once oversaturation is attained, the raw material dissolves in an alkaline 
solution, generating Si and Al molecules that produce gels. Subsequent 
restructuring and polycondensation result in the creation of a stiff 
three-dimensional network composed of Sif O4 and Al O4 tetrahedrons 
linked by oxygen bridges [117-121]. Alkali metal cations equalize the 
charge of Al§. Fig. 1 shows, in simplified form, the geopolymerization 
process. RM is very alkaline and composed of aluminosilicates, making it 
an ideal source for the creation of geopolymers. In the past, mine tailings 
have been used as a geopolymer binder with a variety of different 
mineral compounds, such as fly ash, rice husk ash, slag, municipal solid 
waste, metakaolin, arsenic sludge, and coal gangue [35,122-124]. 


3. Mine tailings 
3.1. Characteristics 


Mine tailing particles are angular, resulting in a high friction angle of 
dry tailings. Their size varies greatly and is difficult to generalize 
because it depends on the mineral processing requirements. Froth 
flotation separates minerals from the gangue by capitalizing on their 
hydrophobicity difference, which requires fine silt-size particles (nor- 
mally, 300-50 pm) [126]. Gravity concentration is another technique of 
separation; it focuses on the density difference between the heavier 
(sulfides) and lighter (silicates) components and employs a bigger 
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Fig. 1. Simplified Geopolymerization Process [125]. 
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particle size (about 1 mm) [127]. The mine tailings that are made with 
the froth flotation method have smaller particles, which makes them 
more likely to let out contaminants [128]. 

The mineralogy of mine tailings is strongly dependent on the type of 
the raw ore, the mineral processing technology, and the degree of 
weathering during storage in tailings ponds [129]. The most common 
gangue constituents are quartz, feldspars, muscovite, chlorite ((Mg, 
Fe)3(Si, Al)4O;9(OH)2(OH)¢), calcite, and dolomite [129]. The most 
frequent sulfide minerals found in ores include pyrite, pyrrhotite, chal- 
copyrite, arsenopyrite, sphalerite, and galena, which are likely to be 
found in mine tailings. Such sulfide-containing mining tailings are prone 
to oxidation during weathering, releasing hazardous metals and metal- 
loids, including As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn [130]. The 
secondary minerals that form in the mine tailings, like iron hydroxide, 
iron oxyhydroxide, goethite, lepidocrocite, jarosite, schwertmannite, 
and ferrihydrite, precipitate and stay in the tailings [131]. 

The alkali solubility of silicon and aluminum impacts the reactivity 
of possible geopolymerization precursors, which is determined by their 
mineralogy. As a result, the reactivity of mine tailings can be generally 
estimated based on their mineralogical features. Xu and Van Deventer 
[132] studied the behavior of 16 natural Al-Si minerals in terms of 
geopolymerization (almandine, grossular, sillimanite, andalusite, 
kyanite, pumpellyite, spodumene, augite, lepidolite, illite, calcian, so- 
dalite, hydroxy apophyllite, stilbite, heulandite, and anorthite). All of 
the minerals were soluble to some extent in concentrated alkaline so- 
lutions; the framework structure showed greater dissolution than other 
structures for both Si and Al, with chain structures being the next most 
soluble. According to the report by Ouffa, Benzaazoua, Belem, Trau- 
chessec and Lecomte [100], the greatest dissolving rates are seen in 
phyllosilicates such as kaolinite, muscovite, chlorite, and biotite. 
Quartz, a common silicate found in mine tailings, dissolves at a rate that 
is not exceedingly small in alkaline solutions, which helps make geo- 
polymers strong over time. 


3.2. Physical and chemical properties of mine tailings 


In the mining industry, mine tailings are a fine-grained blend of 
ground-up stone particles and processing effluents created as a 
byproduct of the extraction of precious minerals and metals from mined 
ore [70,83,129,133-138]. During the process of ore beneficiation, more 
than half of the overall ore bulk is converted into tailings. 

The consistency of mine tailings can change significantly depending 
on the kind of beneficiation and storage utilized—from a slurry condi- 
tion to a thicker paste state and finally to a dry state, depending on the 
technique of storage and beneficiation used. The solid content of each of 
these types can range from 15 to 86% or more, depending on the types 
listed in Table 1. Typically, geopolymers are typically made from dried 
tails, which can be obtained either by dry preparation techniques or by 
sintering [95,138,139]. 

Mine tailings used in geopolymers are primarily composed of a 
combination of mineral particles of diverse sizes — ranging from silt and 


Table 1 
Overview of the physical properties of mine tailings that have been reported in 
the literature [94,129,136,146-155]. 


Characteristic type Value 
Specific gravity (g/cm) 2.60-2.95 
Density (t/m) 1.80-1.95 
Solids bulk content (%) Thickened tailings 46-75 
Tailing’s slurry 15-36 


Dehydrated tailings <84 


Paste tailings 72-86 
Surface Area (m?/g) 0.50-7.20 
Porosity (%) 35-45 


pH 2.60-2.95 
Particle size distribution (pm) 1-2000 


Ceramics International 48 (2022) 24192-24212 


clay fractions to heavy sandy fractions — with varying degrees of 
agglomeration. In addition to grinding procedures and mineral pro- 
cessing technologies, the hardness of the minerals included in stones 
affects the particle size distribution of tails, as demonstrated by Sternal, 
Junttila, Skirbekk, Forwick, Carroll and Pedersen [140], Duan, Yan, 
Zhou and Ren [141], and Cao, Wang, Yin and Wei [142]. In general, the 
particle form of most tailings is non-rounded, angular, and irregular, 
which is the consequence of crushing and grinding throughout the ore 
processing process. The specific surface area of mine tailings, which 
ranges between 0.5 and 7.3 m?/g and is impacted by the distribution and 
particle shape, is measured [142]. 

The bulk density of mine tailings in the bulk state ranges from 1.81 to 
1.93 t/m, with 1.81 t/m? being the average value. These values in- 
crease in proportion to the depth of the mine tailings or dumps in 
question [129,143,144]. It has been demonstrated that the density of 
tailings changes depending on the type of mineral raw material utilized 
[145]. Because its pH differs from that of the parent mineral, mine 
tailings can fall into either the acidic or basic ranges. 

As shown in Tables 2 and 3, the mine tailings used in the fabrication 
of geopolymers have a considerable degree of inhomogeneity in their 
properties. Because of the ore’s characteristics, the type of process fluids 
(surfactants and other reagents) used in the beneficiation process, the 
degree of mining of a target substance, and physical and chemical 
modifications that occur during mine tailings storage, the chemical 
composition of tailings varies. As demonstrated in Table 2 and Fig. 2, the 
major chemicals in mine tailings in all instances are Al203, SiO2, Fe203, 
CaO, MgO, Na20, and K20. 

As demonstrated in Table 2, the chemical composition of mine tail- 
ings is distinguished by a wide variation of values for some components, 
even within the same mine. The observed variation in chemical and 
mineral composition is most likely caused by the intrinsic in- 
homogeneity of the host stone that houses the ore deposit. This should 
also be considered while putting together the final composition of the 
geopolymer. 


3.3. Environmental consequences and waste disposal 


The disposal of mine tailings is one of the most substantial causes of 
ecological damage caused by the mining industry. This is not surprising 
given the fact that the amount of mine tailings that must be kept often 
surpasses the amount of ore that can be extracted in situ. Mine tailings 
have increased significantly over the last century as a result of increased 
demand for metals and minerals, as well as the adoption of better mining 
and processing processes to utilize low-grade minerals and extract more 
value from them. A recent report published by the Chinese Academy of 
Land and Resources Economics estimates that China’s mining tailings 
pile stock was around 21 billion tons at the end of 2018. If mine waste is 
not properly disposed of, it may lead to serious ecological consequences 
like acid mine drainage, dust mobilization, heavy metal buildup in 
biological communities, and soil contamination as shown in Fig. 3. 

As a result of this ecological load, it is essential to dispose of mine 
tailings in a fair manner, as shown in Fig. 4. A substantial portion of the 
past research has concentrated on the recycling of main tailings as a 
backfill cement paste [67]. Surface mine tailings are often combined 
with a binder in a small backfill factory before being transferred to 
subterranean stopes through gravity and/or pumping [175]. The 
amount of mining tailings that must be kept in tailings ponds is lessened 
as a result of this method [175]. It is possible to decrease the challenges 
associated with mine tailings, such as dust generation, landslides, sur- 
face water pollution, and mine tailings occupying cultivated land. 
Important components can also be recovered from previously deposited 
mine tailings; for example, silver and lithium-containing minerals can be 
recovered from gold and micaceous tailings, respectively. Many forms of 
mine tailings have the potential for recycling and re-use, including 
Mn-rich tailings, which can be utilized to manufacture building mate- 
rials, ceramics, glass, and coatings; clay-rich tailings, which can be 
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Table 2 
The chemical compositions of various mine tailings that are utilized to produce geopolymers. 
mine tailings type Country SiO2 Fe203 Al203 CaO MgO Na20 K20 P205 V203 V205 SO2 TiO2 SO3 ZnO MnO CuO BaO PbO LOla Others Refs 
Copper China 28.20 57.83 4.25 1.91 1.15 0.52 0.80 - - - - 0.32 - - - - - - - - 157] 
China 58.5 10.8 13.3 5.4 1.9 2.8 4.0 = = = = = 0.6 = = = = - S = 149] 
USA 55.8 3.07 14.11 2.27 1.77 3.02 3.88 0.19 - - 2.26 0.50 - - 0.067 - - - - - 158] 
USA 64.8 4.33 7.08 7.52 4.06 0.9 3.26 = = = - - 1.66 - - - - - - - 86] 
Africa 65.48 8.07 12.08 5.91 2.85 1.23 0.55 0.12 = 0.04 = 0. 88 = = 0.07 0.09 = = 3.52 0.07 159] 
Gold Africa 74.6 7.03 6.98 0.54 5.16 0.28 1.26 0.09 = 0.03 5 0.45 3.05 0.03 0.06 0.02 0.08 0.03 = 0.42 160] 
Africa 63.8 16.2 5.5 3.2 4.3 1,2 0.6 0.1 - 0.01 - 0.3 - - 0.1 <0.01 - - 4.8 0.13 159] 
Turkey 89.22 0.84 6.2 - 0.29 - 1.24 - - - - - 0.09 - - - - - - - 95] 
Finland 49.9 9.2 10.4 11.8 6.8 - 1.2 - - - - 1.2 - - - - - - 13.6 - 161] 
Iron Brazil 40.0 48.9 8.7 - -= - - - - - - -= -= -= - - - - 6.0 1.8 139] 
China 34.72 12.32 16.22 7.64 8.92 0.55 1.52 - - - - 0.30 - - 0.13 - - - 13.18 - 136] 
Australia 57.30 25.12 9.57 0.03 0.07 0.05 0.04 = = = = 0.61 0.16 = = = = - 6.67 = 148] 
Phosphate Finland 32.98 7.98 7.08 12.92 17.28 - 5.53 0.96 - - - 0. 27 - - 0.12 - - - 14.01 0.88 162] 
Morocco 23.5 1.53 3.55 31.12 4.16 0.54 0.46 14.1 - - - - - - - - - - 19.3 - 97] 
Morocco 22.8 0.85 2.5 34.3 4.1 0.9 0.4 14.0 - - - - - - - = = = 19 = 163] 
Vanadium China 83.47 2.42 5.09 0.96 0.65 3.25 0.66 - 0.23 - - - - - - - - - 1.25 - 164] 
China 61.92 4.13 7.35 6.52 1.24 2.68 1.25 - - 0.42 - 0.46 7.15 = = R = S 6.93 = 150] 
China 64.17 4.99 10.27 4.48 = 5.27 2.07 - - 0.14 - - - - - - - - 1.15 - 165] 
Kaolinite Finland 72.55 1.90 16.44 0.05 0.83 0.08 3.06 - -= - -= - - - - - - - 4.42 0.74 166] 
Lead-zinc China 62.09 2.73 4.35 20.45 0.56 = 0.55 = = = = 0.20 3.63 = = = = = = = 67] 
Garnet China 44.28 13.82 5.57 30.26 0.81 0.23 0.13 - - - -= - - - - - - - - - 167] 
Lithium Finland 78.45 0.51 12.56 0.30 0.15 4.44 2.81 - - - - - -= - - - - - 0.20 0.58 166] 
Bauxite China 32.25 8.66 37.39 3.16 0.85 0.86 = = = = - 2.31 z = = = = = 13.74 = 1331 
Hematite USA 68.77 28.13 0.87 0.28 0.74 0.03 0.04 = = = - 0.05 = - = 0.001 0.02 - = 0.07 168] 
Quartz China 97.48 0.30 LII 0.17 0.22 0.04 0.02 - - - - -= - - - - - - - - 169] 
Sphalerite China 6.22 0.18 2.06 33.65 9.94 0.32 0.24 0.27 - - - 0.09 1.43 1.75 = = 0.31 0.15 43.65 = 170] 
Tungsten Portugal 47.85 9.97 21.07 0.85 1.01 1.32 4.12 - - = = 0.66 8.73 = = = = = = = 171] 
Zinc China 38.4 11.8 12.65 29.8 - - 1.65 0.84 - - - 0.59 0.52 2.96 0.62 0.21 - 0.23 - 0.12 170] 
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Table 3 
The mineralogical composition of various mine tailings utilized in the production of geopolymers. 
Tailing types Country Mineralogical components (%) Refs 
Copper South Africa Chlorite (13.2), calcite (1.65), hematite (1.14), epidote (22.7), muscovite (4.7), hornblende (3.25), quartz (49.55), plagioclase (7.60) 159] 
USA Not reported 172] 
China Not reported 149] 
China Not reported 173] 
Gold South Africa Chlorite (2.95), anthophyllite (6.0), jarosite (7.70), hornblende (14.10), plagioclase (13.25), magnetite (3.65), sepiolite (9.35), quartz 159] 
(42.95) 
Finland Not reported 159] 
South Africa Not reported 160] 
Phosphate Morocco Quartz (12.5), fluorapatite (34.1), calcite (11.16), dolomite (9.46), kaolinite (9.45), hematite (1.5), plagioclase (21.2) 97] 
Morocco Quartz (18), fluorapatite (45), calcite (16), dolomite (72) 83] 
Finland Calcite (15), dolomite (5.95), feldspar (1.5), phlogopite (64), albite (0.98), actinolite (1.0) 166] 
Finland Calcite (13), dolomite (7), tremolite (1.5), phlogopite (65) 162] 
Iron China Not reported 174] 
Brazil Not reported 139] 
Kaolinite Finland Quartz (28), kaolinite (20.5), muscovite (43), 166] 
Sphalerite China Dolomite (45.70), quartz (3.70), kaolinite (5.20), calcite (35.25) 170] 
Garnet China Not reported 167] 
Lithium Finland Albite (38), quartz (37), microcline (15.8), muscovite (6.5), plagioclase (1.3), spodumene (2.7) 166] 
Vanadium China Not reported 150] 
Tungsten Portugal Not reported 171] 
Bauxite China Not reported 133] 
Mine tailing Reference expansion of the mining zone demands the creation of infrastructure to 
samples samples support extraction activities. As a result, mine tailings have become a 
Code Cement valuable resource for the exploitation of sustainable construction ma- 
Kara Coal fly ash terials such as geopolymers. Every two years, the number of publications 
A Sand a"n) grows by a factor of two [3,179], as well as a new resource for the 
Kill B production of metal that permits the resolution of both the economic 
Kill C Ry Groups and ecological issues associated with mine tailings disposal [180]. 
Mata O O 4 As shown in Fig. 5, the following is a review of the important pro- 
Nalu Y Cc) : ; : : : 
N O 2 duction and economic concerns that should be considered while using 
us i re ; ‘ A 
Raa 2 Q mine tailings-geopolymer composites. Mine tailings-geopolymer com- 
Tian 3 OC) posites are economically viable if the transportation costs paid by mine 
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Fig. 2. Ternary phase diagram of the chemical composition of mine tailings 
and each of cement, coal fly ash, and sand [156]. 


utilized to manufacture bricks, sanitary wares, porcelain, and cement; 
iron ore tailings mixed with supplementary materials, like fly ash and 
sewage; bauxite-comprising tailings, which can be utilized as Al re- 
sources. These disposal techniques assist mining businesses in cleaning 
up existing mine tailings and converting them into something of value 
for the organizations. But any recycling or re-use of mine tailings needs a 
realistic evaluation of the pollutants that they may release. Conse- 
quently, complete knowledge of the geochemical, mineralogical, and 
bulk physical characteristics of mine tailings is required before they can 
be safely disposed of in the environment. 


4. Economic and production perspective of mine tailings- 
geopolymer composites 


Among the characteristics of the mining sector are a high use of 
energy resources and minerals, a low rate of mining of technically and 
economically relevant metals (between 1 and 4%), and a significant 
influence on the environment [177]. Some reports state that around 
19-25 billion tons of solid mine waste are generated yearly across the 
globe, with 5-8 billion tons of mine tailings [146,178]. Furthermore, the 


waste users are maintained at a low level. In this regard, significant 
consideration should be paid to the mining operation’s geographic 
proximity to the prospective mine tailings clients as well as the regions 
of consumption of final geopolymer products. These features help to cut 
down on the costs of capital and operations for mine tailings develop- 
ment by about 44%, as well as the negative impact on the environment. 

Mine tailings-geopolymer composites are economically efficient as 
compared to other substances because they lessen the amount of ex- 
penditures experienced by consumers of mine waste for transportation. 
The closeness of the mining firm to the targeted customers as well as the 
locations where finished geopolymer products will be consumed are 
critical considerations for the mining enterprise. These aspects help to 
lower the initial and operational expenses associated with the devel- 
opment of mine tailings. 


5. Preparation and formation of mine tailings-based 
geopolymers 


5.1. Effects of tailing types 


As a precursor component for producing a geopolymer, any source of 
aluminosilicate raw materials can be used that provides the required 
concentration of dissolved aluminum and silicon-oxygen compounds 
that polymerize with the formation of a geopolymer structure during 
alkaline activation [181]. Microstructure and mechanical properties are 
affected by the ratio of liquid to solid, the ratio of SiO2/Al203, and the 
ratio of Si/T (T = Na‘ or K”), as well as the ratio of liquid to solid [182]. 

The heterogeneity of the chemical and mineral content of tailings 
formed in mining sites is an essential element influencing the phase 
composition and properties of geopolymers. The composition of the 
precursor is the decisive element in the creation of a geopolymer and its 
properties. From this point of view, the wide range of tailings properties 
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Fig. 3. Mine tailings environmental impacts [176]. 


X. He et al. 
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Fig. 4. Techniques for turning mine tailings into value [176]. 


of different deposits is an important thing to think about when using 
mine tailings as a precursor to geopolymers. 

The ability to employ tailings as a precursor to geopolymers depends 
on the nature of their pre-treatment. The geopolymerization of 
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Fig. 5. Advantages of the utilization of mine tailings in geopolymers [59]. 


pretreated tailings is moderate compared to heat-treated materials such 
as metakaolin, slag, or fly ash. Their reactivity is determined by the 
preheat treatment, which results in amorphous and soluble phases. Pre- 
treatment makes the material more receptive, which leads to a faster 
rate of geopolymerization at the start and better mechanical properties 
when it is made into a material. 

For example, an increase in the reactivity of mine tailings particles 
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can be achieved by enlarging their surface area by bringing to the 
average particle size of the most reactive materials, for example, meta- 
kaolin (10 pm) [97]. Moreover, the average particle sizes for various 
mine tailings are the following: phosphate (40-160 um) [83], vanadium 
(15-100 pm) [150], iron (19 77 pm) [139], sulfidic (12-100 pm) [179], 
zinc (20-50 pm) [183], copper (20 120 pm) [149]. In this case, 
pre-treatment, which reduces the particle size and broadens their sur- 
face area for alkaline dissolution, will enhance the involvement of mine 
tailings in the geopolymerization process of mineral components. Me- 
chanical, thermal, and thermochemical pre-treatments can be used to 
make mine tailings more reactive, and they can all be used to do this. 
Preliminary grinding is an effective procedure, which, depending on 
the time of exposure to mineral raw materials, can significantly extend 
the active surface area of an accessible alkaline medium and the disso- 
lution rate of minerals. The resulting intense effect on the crystal 
structure of minerals destroys interatomic bonds, which leads to 
amorphization of the mineral phase. Niu, Abdulkareem, Sreenivasan, 
Kantola, Havukainen, Horttanainen, Telkki, Kinnunen and Illikainen 
[162] performed preliminary mechanical activation for phosphate mine 
tailings, consisting of the following predominant minerals: phlogopite, 
dolomite, calcite, and tremolite. It was shown that grinding in a brief 
period of time (16 min) ensured amorphization of up to 80% of the 
mineral phase with weakly expressed calcite crystallites according to 
X-ray diffraction data. A significant extension of the specific surface area 
by 87 times was observed. A similar effect was achieved in the work of 
Marjanović, Komljenović, Baščarević and Nikolić [184] for a 2:1-layer 
lattice mineral such as pyrophyllite. The energy during grinding, accu- 
mulating in the crystalline structure of minerals, breaks predominantly 
Al-O and Si-O bonds, transforming the mineral into an amorphous 
phase with the Al-Si structure. Preliminary grinding leads to a regular 
increase in the release concentrations of Si and Al with the predomi- 
nance of the former upon alkaline activation of the precursor. Further- 
more, due to the dissolution of the crystalline structure, there is a release 
of interlayer alkaline cations, providing compensation for the excess 
charge of the produced aluminosilicate structure. The release of 
increased quantities of Si and Al into the alkaline medium affects the 
Si/Al ratio, enhancing the involvement factor of the precursor’s 
elemental structure in geopolymerization. As a control parameter, pro- 
cessing time allows you to vary the degree of amorphization of the 
minerals that make up the precursor, giving you control over the process 
of dissolving them in an alkaline solution. Wei, Zhang and Bao [150] 
demonstrated that this technique provides for control of the Si/Al ratio 
during geopolymerization. Mechanical activation of vanadium tails re- 
sults in a change in the characteristic particle size (a 1.7-fold drop) and a 
specific surface area (it doubles). Increasing the reactivity of the pre- 
cursor also speeds up the geopolymerization process, improves me- 
chanical properties, and makes the material more resistant to chemicals. 


5.2. Effects of pre-treatment 


During thermal pre-treatment, the mineral components of the pre- 
cursor are calcined. The characteristics of this treatment are related to 
the process of phase changes in the crystalline structure of minerals. 
Dihydroxylation occurs during the temperature rise process, with the 
loss of structural OH groups, primarily connected to aluminum atoms. 
This process enhances the local reactivity of aluminum atoms. Perumal, 
Piekkari, Sreenivasan, Kinnunen and Illikainen [166] studied three 
different mine tailings: phosphate, kaolinite, and lithium. A peculiarity 
of the thermos-phase transformations of the minerals that make up mine 
tailings is the possibility of a transition to a stable phase, which reduces 
reactivity. Thus, calcite (CaCO3) present in phosphate mine tailings, 
decomposing at a temperature of 750 °C, forms CaO. Further heat 
treatment leads to a phase transition to quartz, cordierite, and crystal- 
line silicates at 900 °C with a decrease in reactivity. Moreover, the 
mineral composition of lithium mine tailings after heat treatment re- 
duces reactivity. As a result, the use of heat treatment for mine tailings is 
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restricted. Before using it, a detailed investigation of the mineral 
composition of mine tailings is necessary, which allows for the deter- 
mination of the possibility of attaining the requisite reactivity by 
minerals. 

Calcining the tails can enhance their pozzolanic activity, as evi- 
denced by the work of Kotwica, Chorembała, Kapeluszna, Stępień, Deja, 
Illikainen and Gotek [185]. The long-term strength of alkali-activated 
materials can be improved by replacing some of the GBFS with tails 
like this. 

The use of thermochemical synthesis makes it possible to increase 
the efficiency of thermal activation since a chemical reaction proceeds in 
the process of raising the temperature. In this case, low-reactive raw 
materials are thermally synthesized together with an activator before 
geopolymerization. Mine tailings are combined with sodium hydroxide 
to produce the desired result. The resultant material is calcined at a 
temperature higher than the melting point of alkali. Heat treatment in 
the presence of alkali disrupts the mineral’s crystalline structure, 
resulting in the formation of new amorphous phases and crystalline 
structures saturated with Na. The thermochemical synthesis of volcanic 
ash carried out by Kouamo, Mbey, Elimbi, Diffo and Njopwouo [186] led 
to the transition of the predominant part of the containing minerals into 
a reactive form. The same effect is also observed in the work of Tchadjié, 
Djobo, Ranjbar, Tchakouté, Kenne, Elimbi and Njopwouo [187], where 
low-reactive granite waste using sodium hydroxide was applied. The key 
parameters of the thermochemical synthesis process are the calcination 
temperature and the amount of NaOH added to the molten system. 
Moreover, Na2O can also affect the reactivity of the resulting product. 


5.3. Effects of activator 


The type of alkaline activator used, as well as its dose, have a crucial 
role in determining the rheological characteristics of the resulting 
aluminosilicate gel, as well as the structure and properties of the cured 
material. The most commonly used alkaline activators for mine tailings 
are solutions of sodium hydroxide and silicate, as well as their mixtures. 
KOH and K2SiO3 are much less commonly used. When the alkaline re- 
action is initiated, the activator balances the negatively infected 
aluminosilicate network with a charge of Na* or K* ions from the 
activator. Given the mineral composition of mine tailings, the optimal 
concentration of the alkaline solution can be selected. The Na/Al ratios 
defined by Manjarrez and Zhang [172] are in the following ranges for 
metakaolin, fly ash (1-1.15), copper (0.79-1.1), and aluminum (1.1) 
mine tailings. The activity of the alkaline medium also depends on the 
concentration of water molecules. A significant excess of the concen- 
tration of water molecules over Na‘ can lead to their diffusion from 
areas of uncompensated charge during geopolymerization. According to 
studies by Zhang, Zhou, Lin, Tong and Yu [188] and Ren, Zhang, Ramey, 
Waterman and Ormsby [189], the optimal ratio for the course of geo- 
polymerization is Na/Al ~1.0. The estimation Si/Al~3.31 performed by 
Manjarrez and Zhang [172] corresponds to the initial components of 
copper mine tailings/H20~3.36. Moukannaa, Loutou, Benzaazoua, 
Vitola, Alami and Hakkou [83] studied the effect of various concentra- 
tions of NaOH on the formed structure of a geopolymer with phosphate 
sludge (PS). The prevalence of alkali-resistant quartz in the PS mineral 
composition reduces the amount of active silica, leading to the forma- 
tion of a crystalline zeolite phase in the geopolymer structure due to the 
high molar ratio Si02/Al203. The sort of zeolite structure that forms in 
the geopolymer is affected by the concentration of NaOH. An increase in 
Na * concentration and temperature led to an increase in the density of 
the geopolymer structure. 


5.4. Curing conditions 
The studies indicate that the curing of the geopolymer with mine 


tailings included in its composition is carried out under conditions 
ranging from room temperature to 100 °C, which is also characteristic of 
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geopolymers based on other aluminosilicate raw materials. Moukannaa, 
Loutou, Benzaazoua, Vitola, Alami and Hakkou [83] using phosphate 
mine tails, researchers investigated the curing regimes of a geopolymer 
based on metakaolin and fly ash, as well as the variables influencing this 
process. An increase in the concentration of NaOH or the curing tem- 
perature will limit water absorption. The buildup of cure time results in 
an increase in water absorption. An increase in the curing temperature 
has a beneficial effect on material compaction. The improvement of 
mechanical properties occurs with a rise in the concentration of NaOH 
and the curing temperature of the material. It was shown in the work by 
Jiao, Zhang and Chen [165] that the compressive strength and elastic 
modulus of a metakaolin-based geopolymer fall with rising curing 
temperature. The effect of curing temperature on the compressive 
strength and microstructure of copper mine tailings-based geopolymers 
was also investigated by Ozcan and Benzer [190]. According to their 
findings, a rise in the curing temperature from 25 to 80 °C promotes a 
more uniform distribution of C-S-H and N-A-S-H gels and intensifies 
the strength of the geopolymer. The temperature rose from 80 to 120 °C. 
This led to a drop in the geopolymer alkaline medium and a drop in the 
geopolymer compressive strength. 


6. Physical properties 
6.1. Workability 


Workability of tailing-based composite concrete is the ease of 
working with the composite material based on transportation, 
compaction, placement, and finishing of the concrete product [191]. 
This means that the fresh property of tailing-based composite concrete 
can be regarded as workable if it can be transported, placed, compacted, 
and finished with ease and without any segregation. Several reports 
have shown that the flow of mortar decreases with an increase in tailing 
substitution levels since tailings have a finer particle size distribution, 
increasing the total specific surface area of the fine aggregates [192, 
193], which is also applicable to concrete. Slump formation declines 
with increasing tailings substitution as fine aggregate, possibly due to 
surface texture and particle size of tailings, requiring more water, 
thereby reducing the workability [193,194]. The workability loss of 
geopolymer composite binders depends solely on the volume fraction in 
the mixtures and the fiber aspect ratio [195]. The report of Savastano Jr, 
Agopyan, Nolasco and Pimentel [196] reveals a decline in the work- 
ability of cement composites in the presence of eucalyptus pulp, coir, or 
eucalyptus pulp in combination with sisal fibers. 

The workability of alkali-activated tailing paste is influenced by a 
combination of factors like calcination temperature and water-to- 
tailings ratio. Savastano Jr, Agopyan, Nolasco and Pimentel [196] re- 
ported that sufficient workability at 800 °C calcination requires water to 
waste clay containing a boron ratio of 0.40. For lower calcinations of 
700 °C, 600 °C, and 500 °C, the required water to waste clay containing 
boron ratios are 0.51, 0.65, and 0.65 to attain sufficient workability 
values. Properties like the particle shape of clay minerals, which cause 
an excessively high water demand due to the penetration of water into 
the interlayers of the clay, do not affect the workability [197,198]. 


6.2. Water absorption and sorptivity 


The concrete durability around an exposed surface is mainly deter- 
mined by the ability of harmful agents to penetrate the concrete. The 
sorptivity depends on the porosity and permeability of the concrete and 
the strength of the capillary [199]. It is essential to reduce the pene- 
tration of harmful agents’ sorptivity of the geopolymer. Portland cement 
paste exhibits higher porosity and water absorption capacity than geo- 
polymer pastes [200]. Most of the time, steam-curing affects things like 
the uniform distribution of hydration products and the porosity of 
Portland cement paste [201]. 

Aydin and Kızıltepe [201] reported that the sorptivity and water 
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absorption capacity of activated waste clay containing boron mortars 
declined with an increase in Si02/Na2O values, and Na2O-containing 
mortar mixtures exhibited smaller water absorption values and sorp- 
tivity than the control mortar. The Ms and Na2O content of the acti- 
vating solution greatly affect the water sorptivity more than the total 
absorption capacity, which conforms with the report of Bernal, de 
Gutiérrez, Pedraza, Provis, Rodriguez and Delvasto [202]. 

Falah, Obenaus-Emler, Kinnunen and Illikainen [203] reported that 
water absorption can be suppressed by maximizing the sodium silicate 
content, thereby enhancing the compressive strength. Of all the samples, 
submicron alkali-activated mine tailings with a sodium silicate compo- 
sition of 30 wt% and cured for 28 days exhibit the lowest water ab- 
sorption, resulting in maximum compressive strength of about 27.31 
MPa due to the higher reaction rate. According to the authors, water 
absorption increased from 10% to 17% due to increased pore structure 
influenced by the curing conditions. Moreover, the water absorption 
capacity of the samples decreased with an increasing concentration of 
Na2SiO3z, indicating lower porosity (a denser structure) [204]. The 
reduction in the water absorption caused by the increasing concentra- 
tion of Na2SiO3 slightly enhanced the compressive strength. The mini- 
mum water absorption of the samples cured for 28 days at 40 °C and 60 
°C is obtained from alkali-activated mine tailings treated with 30 wt% 
The Na2SiO3 content is 12.62 and 9.98%, indicating a higher degree of a 
reaction than other samples and giving the highest compressive strength 
of 15.84 and 22 MPa. Moreover, the report of Falah, Ohenoja, 
Obenaus-Emler, Kinnunen and Illikainen [205] shows that water ab- 
sorption increased from 10 to 14% when the submicron size of the mine 
tailings was used. The amount of submicron mine tailings and Na2SiO3 
in the sample led to a decrease in the sample’s ability to absorb water. 
This is because the sample has a dense structure that does not allow 
water to pass through [206]. 

Regardless of tailings source or mineralogy/composition, grinding 
time is a major parameter influencing the water absorption capacity 
[207]. It has been reported that the adsorption capacity of 
alkali-activated silicate tailings declines significantly with increasing 
tailing time. The alkali-activated silicate rich in epidote with high 
aluminum and the silicate rich in tremolite with high magnesium, 
exhibited about 20% and 35% water absorption, respectively, after 
grinding for 1 min. However, when the grinding time was increased to 
16 min, the adsorption capacity of the two samples dropped by about 
two times. This is because the microstructure of the alkali-activated 
tailings changed a lot when the time was increased. 


7. Mechanical properties of mine tailings geopolymers 
7.1. Mine tailings as aggregates for geopolymer 


Mine tailings, a waste comprising finely distributed silica, might be 
regarded as aggregates of geopolymer and alkali-activated materials 
because of their high silica content. Mine tailings recycling, in 
conjunction with the diminution of the ecological burden from mine 
waste, is intended to lower the cost of geopolymer concrete while also 
protecting natural mineral sources. 

Barrie, Cappuyns, Vassilieva, Adriaens, Hollanders, Garcés, Paredes, 
Pontikes, Elsen and Machiels [208] utilized gold mining tailings as fine 
aggregates to substitute cement sand in a geopolymer based on volcanic 
and halloysite glass. It has been established that the incorporation of 
12.7% mine tailings into the geopolymer has no impact on the me- 
chanical characteristics of the material. When the geopolymerization 
process was done, the resultant specimens had good immobilization of 
Zn and Pb, but Cu was more mobile because of the high pH level in the. 
water. 

A geopolymer mortar comprised of metakaolin and quartz was 
created by substituting iron mine tailings for natural quartz material. As 
demonstrated in the previous experiment, the introduction of mine 
tailings had no considerable influence on the mechanical properties of 
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the geopolymers. In contrast to the reference specimens (with quartz 
aggregate), the specimens comprising mine tailings were recognized by 
increased porosity and water absorption. This might have a detrimental 
impact on the material’s durability. A similar investigation was con- 
ducted by Sharath, Shivaprasad, Athikkal and Das [153], who utilized 
gold mining tailings as fine aggregates to substitute cement sand in a 
geopolymer based on volcanic and halloysite glass. It has been estab- 
lished that the incorporation of 12.7% mine tailings into the geopolymer 
has no impact on the mechanical characteristics of the material. When 
the geopolymerization process was done, the resultant specimens had 
good immobilization of Zn and Pb, but Cu was more mobile because of 
the high pH level in the water. Paiva, Yliniemi, Illikainen, Rocha and 
Ferreira [155] employed high-sulfidic mine tailings as a fine aggregate 
of metakaolin-based geopolymer composite (metakaolin-geopolymer) 
or blast furnace slag-based geopolymer composite (BFS-geopolymer) to 
create a fine aggregate of geopolymers. A stronger compressive strength 
(>20 MPa) and a more rapid reactive nature were observed in 
metakaolin-based geopolymers compared to BFS-based geopolymers. 
Furthermore, when evaluated under extremely harsh circumstances (pH 
4 and 7 for 40 days), the compositions comprising a high concentration 
of mine tailings (50-62 wt% of precursor) displayed substantial chem- 
ical resistance. Table 4 presents a summary of the impacts of employing 
tailings as aggregates in geopolymer mixes. 


7.2. Mine tailings as precursors for geopolymer 


A range of chemical properties identifies the minerals that make up 
the composition of mine tailings, including their interaction with alkalis. 
The aluminosilicate framework of the geopolymer is defined by the 
interaction of the precursor’s mineral constituents in an alkali-activated 
solution, as well as the structure and properties of the geopolymer itself. 
In general, the alkaline interaction of mine tailings is low, and this is the 
most substantial factor to consider when incorporating mine tailings 
into geopolymers. 

Mine tailings have a high silica content as shown in Table 2, which 
raises the molar proportion SiO2/Al203 in mine tailings-geopolymer 
composites, which has a detrimental impact on the geopolymerization 
process. For this reason, metakaolin is the most frequently utilized as a 
supplementary source of Al in the chemical industry [65,97,210-215] 
because of the uniformity and purity of its composition, as well as its 
high interaction [97]. Falayi [160] has indicated that fly ash and blast 
furnace slag (BFS) are employed a bit less frequently than other sub- 
stances. It has been reported that volcanic glass and waste glass have 
been utilized, as well as aluminum oxide and aluminum sludge, calcined 
halloysite, and low-calcium slag [94,189]. Fig. 6 shows a source of 
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= Mine tailing (MT) 
= MT+MK 

Mt + FA 
= MT + BSF 


= MT + others 


Fig. 6. Source of geopolymer precursors utilized with mine tailings for the 
production of mine tailings-geopolymer composites [59]. 


geopolymer precursors that can be used with mine tailings to make mine 
tailings-geopolymer composites. 

The strength and deformation characteristics of mine tailings- 
geopolymer composites are influenced by a variety of parameters, 
including the Si/Al proportion, particle size, type of alkali-activated, 
alkali-activated/binder ratio, and curing technique. It is critical to 
note that the enhanced interaction of mine tailings in geopolymerization 
has an effect on the mechanical properties of geopolymers, which is a 
useful consideration in the usage of mine tailings in geopolymerization. 
Because of the poor interaction of mine tailings, extra pre-treatment 
processes are required. Pre-treatment of mine tailings has also been 
found to have a beneficial influence on its interaction and eventual 
geopolymer due to the microstructural and mineralogical changes that 
occur during these processes. Mechanical activation is frequently 
accomplished in mills, such as planetary mills, roller mills, ball mills, jet 
mills, and agitation mills, among other types of equipment [184, 
216-222]. Furthermore, mechanical activation has the potential to 
significantly affect both the chemical and physical properties of mine 
tailings; these effects boost the concentration of aluminosilicate in 
alkaline solution, which favors the geopolymerization reaction. In some 
circumstances, thermal pre-treatment might be used instead of me- 
chanical activation. Its formation is induced by heating raw material to a 
certain temperature and creating structural changes, the effects of which 


Table 4 
Summary of the impacts of employing tailings as aggregates in geopolymer mixes. 
mine tailing | geopolymer precursors mine tailings in mine tailings replacement mine tailings Impacts Refs 
Types geopolymer blends (wt%) of precursor 
Copper, zinc | BFS-geopolymer composites & As admixture 50—65 Enhancing chemical resistance; altering the rheological 155] 
metakaolin -geopolymer characteristics 
composites 
Iron fly ash-geopolymer composites As admixture 10-35 Improved setting time and workability; increased 174] 
compressive strength and heat resistance; dropped porosity 
and microcracking’s 
fly ash-geopolymer composites As fine aggregates 33.5 Lesesne the time required for setting; improve the 153] 
compressive strength and density 
metakaolin -geopolymer As fine aggregates 50 or 100 There is no impact on the mechanical characteristics; 209] 
composites nevertheless, the porosity and water absorption are increased 
Gold Volcanic glass-geopolymer As fine aggregates 12.50 There is no detrimental impact on the mechanical 208] 
composites & calcined characteristics 
Halloysite-geopolymer composites 
Quartz metakaolin -geopolymer As admixture 10-32 Increase in viscosity; lowering in flowability and shrinkage 169] 
composites during drying; no adverse impact on mechanical 
characteristics 


24200 


X. He et al. 


ii Dolomite 
4 4 
Quartz At 
b l Bassanite 
\ Itá 
. \ AO 
Muscovite d A 
Clinochlore 41 | 
\ A 
10h N ae 
14000 : 
12000 
Æ 10000 
§ 8000 
© 6000 
4000 
2000 
o 
10 20 30 40 50 60 70 80 90 
20(°) 
(a) 


Ceramics International 48 (2022) 24192-24212 


16000 
14000 
12000 


10000 


Intensity 
g 
r=) 


2 
So 
© 
So 


Albite 


So 
© 
So 


N 
© 
© 
f=) 


Clinochlore 


oo A 


o 


100 200 300 400 500 600 700 800 900 


Temperature (°C) 


(b) 


Fig. 7. (a) XRD analysis of mine tailings through heat treatment; (b) Intensity variance for some main components [161]. 


rely on a range of elements such as the heating rate, holding temperature 
and duration, the environment, and the rate at which the raw material is 
heated [223]. Mineral changes occur as a consequence of the thermal 
pre-treatment; in some cases, the elevated temperature might surpass 
the breakdown temperature of the minerals being treated. The removal 
of diaspore and kaolinite was observed by Ye, Zhang and Shi [133] after 
calcining bauxite tailings at 800 °C for 1 h, which increased the inter- 
action of the mine tailings during geopolymerization. As shown in Fig. 7, 
after thermal treatment at almost 600 °C, Kiventera, Sreenivasan, 
Cheeseman, Kinnunen and Illikainen [161] noted a decrease in the 
dolomite peak shown by gold tailings. When heated over 400 °C, 
basanite transforms into anhydride. On the other hand, the quartz 
amount remained stable until 650 °C, when it declined slightly. 

As indicated in Tables 5 and 6, there are a number of factors that 
influence the mechanical properties, compressive strength, and flexural 
strength of various kinds of mine tailings used as a geopolymer source. 
They are commonly coupled with other alumina-silicate source mate- 
rials, such as fly ash, BFS, metakaolin, and so on, for the production of 
geopolymers. According to these tables, the compressive and flexural 
strengths of all mine tailings-geopolymer composites were quite 
different. This was mostly because they used several types of mine 
tailings, several types of alumina-silicate resources, several types of 
alkali-activated, different alkali-activated/binder proportions, different 
temperatures, and different humidity levels when they made them. 

The curing temperature of mine tailings-geopolymer composites has 
a substantial impact on the mechanical and microstructural character- 
istics of the polymers. Tian, Xu, Song, Rao and Xia [173] studied the 
impact of curing temperature on the characteristics of copper 
tailing-based geopolymers. When the curing temperature was somewhat 
enhanced (22-80 °C), homogeneous dissolution of aluminosilicate and 
the development of N-A-S-H and C-S-H gels were encouraged, result- 
ing in a beneficial impact on compressive strength. A rise in the curing 
temperature over 80 °C, on the other hand, had the opposite impact. The 
high curing temperatures (between 100 and 125 °C) resulted in a 
lowering of the amount of alkaline medium present, which prevented 
the dissolution of silica and alumina types. 

Several researchers evaluated the compressive and flexural strengths 
of geopolymers made using copper mine tailings as raw material and 
activated with a range of alkali activated. In its investigation, Falah, 
Obenaus-Emler, Kinnunen and Illikainen [224] discovered that 
increasing the amount of sodium silicate used, as well as the curing 
period and curing temperature, enhanced the compressive strength of 
copper mine tailings-geopolymer composites. The copper mine 
tailings-geopolymer composites, which had been activated by sodium 
silicate solution, were baked in a moderate-temperature oven. They also 
observed that the flexural strength of copper mine tailings-geopolymer 
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composites improved in a way similar to that shown in the compres- 
sive strength relates. Similarly, in the works of Ahmari and Zhang [86], 
Manjarrez, Nikvar-Hassani, Shadnia and Zhang [158] an increase in 
compressive strength has been seen with an increase in the molarity of 
sodium hydroxide in the related copper mine tailings-geopolymer 
composites activated by sodium hydroxide. 

The compressive strength of a copper mine tailings-geopolymer 
composite activated by sodium hydroxide improved with a boost in 
forming pressure throughout moulding in the investigation of Ahmari 
and Zhang [225], but only up to a water content of 12% at the outset, 
and then the compressive strength dropped with a rise in forming 
pressure as shown in Fig. 8 once the water content was exceeded. They 
also discovered that after being submerged in water, compressive 
strength dropped considerably. Additionally, Manjarrez and Zhang 
[172] demonstrated that a lowering in moisture content below 14% 
resulted in an improvement in the compressive strength of copper mine 
tailings-geopolymer composites triggered by sodium hydroxide. The rise 
in curing temperature up to 90 °C also resulted in an improvement in the 
compressive strength of a copper mine tailings-geopolymer composite 
activated by sulfur dioxide [225]. 

When further alumina-silicate source materials are added, the 
compressive strength of copper mine tailings-geopolymer composites 
improves [158]. In addition, a rise in copper slag concentrations, a rise 
in sodium silicate/sodium hydroxide proportions up to 1.0, and a rise in 
the molarity of sodium hydroxide solutions up to ten molarity all led to 
an improvement in the compressive strength of copper mine 
tailings-copper slag blended geopolymer [226,227]. 

Iron mine tailings-geopolymer composites are produced in a way 
similar to copper mine tailings-geopolymer composites, with or without 
the incorporation of alumina-silicate source components. In one inves- 
tigation, the compressive strength of an iron mine tailings-geopolymer 
composite activated by sodium silicate was improved with a rise in 
curing temperature up to 80 °C and a rise in curing period up to 7 days, 
after which the compressive strength declined [148]. 

The geopolymer constructed from gold mine tailings and different 
alkali-activated, as well as additional alumina-silicate components, has 
been the topic of a few studies to which researchers have given special 
attention. Gold mine waste-geopolymer composites were created by 
Falayi [228] utilizing potassium aluminate, potassium silicate, and po- 
tassium hydroxide activators. According to its findings, the maximum 
compressive strength of gold mine tailings-geopolymer composites was 
discovered at a potassium silicate/potassium hydroxide proportion of 
1.1. According to its findings, raising the curing temperature from 65 to 
100 °C enhanced the compressive strength of potassium aluminate and 
potassium hydroxide-activated gold mine tailings-geopolymer compos- 
ites. The researchers also discovered that the compressive strength of 
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Table 5 
Compressive strength for various mine tailings-geopolymer composites. 
Mine tailing types | geopolymer precursors Content of precursors, (wt%) Alkaline activators Curing Tem (oC) Compressive Refs 
Strength (MPa) (Age, d) 
Bauxite Slag 30 SS & SH 20 34 (3 d) [133] 
30 SS & SH 20 52 (28 d) 
30 SS & SH 20 68 (912 d) 
30 SS & SH 20 74 (1460 d) 
30 SS & SH 20 75 (2190 d) 
BFS 30 SS & SH 1-20 8-25 (1 d) [232] 
30 SS & SH 1-20 17-45 (3 d) 
30 SS & SH 1-20 23-58 (28 d) 
30 SS & SH 1-20 42-72 (60 d) 
30 SS & SH 1-20 62-76 (90 d) 
Copper Low-Ca slag 0-50 SS & SH 45-75 13-23.5 (7 d) 158] 
- - SH 35 0.3-5.3 (7 d) 172] 
Aluminum sludge 0-20 SH 95 11-45 (7 d) 189] 
Low-Ca flash-furnace copper smelter slag 0-100 SH 65-105 1-76 (7 d) 235] 
- - nm. nm. 3-33.6 (7 d) 227, 
234] 
fly ash 0-100 SH 60 3-7 (2 d) 236] 
0-100 SH 60 4-8.9 (7 d) 
0-100 SH 60 4-8.1 (14 d) 
0-100 SH 60 4-8.5 (28 d) 
Copper/zinc metakaolin 50, 62 SS & SH 20-50 14-32 (28 d) 155] 
BFS 0, 50, 62 SS & SH 20-50 14-15.4 (28 d) 

Garnet metakaolin 0-100 SS & SH 20-50 1-45 (3 d) 167] 
Gold fly ash 0-50 - - 1-12 (3 d) 228] 
Basic oxygen furnace slag 0-50 - - 1-22 (3 d) 

BFS 10, 25 SS, SH & CH Ambient 6-19 (28 d) 155, 
237] 
Iron - - SH 100 18-112.8 (7 d) 139] 
Glass wool residue 10-30 SH 100 19-41.9 (7 d) 
fly ash 70, 80, 90, 100 n.m. n.m. 42-49 (28 d) 141, 
238] 
- - SS 80 1-34 (3 d) 12] 
- SS 80 50.5 (7 d) 
Kaolinite - - - 40 & Ambient 12-15 (7 d) 166] 
Phosphate metakaolin 30, 40 SS & SH 60 & Ambient 24-39.94 (28 d) 97] 
: - 4 (7d) 3] 
- - 40 & Ambient 4-7 (7 d) 166] 
metakaolin 50, 100 SS & SH 60, 85 & 12.8-53 (14 d) 83,97] 
Ambient 
fly ash 50, 100 SS & SH 60, 85 & 13.3-62 (14 d) 
Ambient 
Quartz metakaolin 700, 80, 90 KH & KS 20 12.8-15 (1 d) 169] 
70, 80, 90 KH & KS 20 16-18.5 (7 d) 
70, 80, 90 KH & KS 20 17-20 (28 d) 
Sphalerite metakaolin 0, 10, 20,30, 40, 50 SS 60 & 2-15 (7 d) 170] 
Ambient 
Tungsten WG 0, 20, 30, 40 SS & SH 20-80 & 20 0.6-29 (1 d) 239] 
0, 20, 30, 40 SS & SH 20-80 & 20 0.6-32 (3 d) 
0, 20, 30, 40 SS & SH 20-80 & 20 0.6-34.5 (7 d) 
0, 20, 30, 40 SS & SH 20-80 & 20 2.6-39.6 (28 d) 
Vanadium metakaolin 30 SH Ambient 2.6-29 (7 d) 164] 
N.M. SS Ambient 8.6-22.5 (7 d) 150] 
N.M. SS Ambient 8.6-25 (14 d) 
0, 10, 20, 30, 40 SH 20 & 10.8-55.6 (7 d) 240] 
Ambient 
Zinc metakaolin 0, 10, 20, 30, 40, 50 SS 60 & Ambient 1.2-30.2 (7 d) 183] 


Where:Blast furnace slag (BFS); Fly ash (fly ash); Metakaolin (metakaolin); Waste glass (WG); not mention (n.m); sodium silicate (SS); sodium hydroxide (SH); calcium 


hydroxide (CH); potassium silicate (KS); potassium hydroxide (KH). 


geopolymer activated by potassium aluminate and potassium hydroxide 
activators is greater than that of geopolymer activated by potassium 
silicate and potassium hydroxide activators, even when the curing 
temperature is raised to up to 100 °C. 

According to an investigation conducted by Pardavé, Epalza, Duran 
and Lóvera [229], when the curing duration was increased, there was an 
increase in the compressive strength of gold mine tailings and alumi- 
na/kaolin mixed geopolymer. In addition, the investigation by 
Kiventera, Yliniemi, Golek, Deja, Ferreira and Illikainen [230] found 
that rising the slag concentrations and molarities of sodium hydroxide 
solutions resulted in an improvement in the compressive strength of gold 
mine tailings-slag/metakaolin blended geopolymer as shown in Fig. 9 


[230]. 

Solismaa, Ismailov, Karhu, Sreenivasan, Lehtonen, Kinnunen, Illi- 
kainen and Räisänen [231] discovered that incorporating 25% meta- 
kaolin improved the compressive strength of mine tailings-geopolymer 
composites made with a sodium hydroxide activator. They also found a 
significant difference in compressive strength when the curing temper- 
ature went up to 65 °C. At 85 °C, the compressive strength went down a 
lot. Concerning the compressive and flexural strengths of geopolymer, 
no set optimal quartz mine tailings quantity has been seen for any of the 
curing times tested. Quartz mine tailings that contain 30% or more 
quartz shrink when they dry, but geopolymer shrinks less and has less 
porosity when the quartz content is more than 30%. In contrast to other 
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Flexure strength for several mine tailings-geopolymer composites. 
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Mine tailings type geopolymer precursors Content of precursors, (wt%) 


Alkaline activators 


Curing Tem (oC) Flexure strength (MPa), (Age-Days) Refs 


Bauxite Slag 30 SS & SH 20 5.3 (3 d) [133] 
30 SS & SH 20 8 (28 d) 
30 SS & SH 20 9.85 (912 d) 
30 SS & SH 20 10 (1460 d) 
30 SS & SH 20 10.3 (2190 d) 
BFS 30 SS & SH 1-20 3.3-4.7 (1 d) [232] 
30 SS & SH 1-20 4.0-6.6 (3 d) 
30 SS & SH 1-20 5.5-7.6 (28 d) 
30 SS & SH 1-20 6.2-10.9 (60 d) 
30 SS & SH 1-20 6.8-10.4 (90 d) 
Iron - : SH 100 4.9-21.4 (7 d) [139] 
Glass wool residue 10-30 SH 100 2.05-4.7 (7 d) 
Quartz metakaolin 70, 80, 90 KH & KS 20 1.7-2.1 (1 d) [169] 
70, 80, 90 KH & KS 20 2.0-2.5 (7 d) 
70, 80, 90 KH & KS 20 2.0-2.5 (28 d) 
mine tailings-geopolymer composites, the compressive strength of zinc 
40 35 — tailings and metakaolin-geopolymer composites improves with a rise in 
= Initial Water Content (%) ‘ sa P 
a6 t E v e the amount of mine tailings present [170,183]. Wei, Zhang and Bao 
Q z -8 [150], Jiao, Zhang and Chen [165], both published investigations on 
5 
30 poe" 2 10 vanadium mine tailings-geopolymer including fly ash and metakaolin, 
= 20 : : ; A -E-12 respectively, as additional raw materials of alumina-silicate in addition 
E 25 Forming Pressure (MPa) 14 to vanadium mine tailings. 
= 16 Ye, Zhang and Shi [232] observed an advancement in compressive 
2 20 18 strength and flexural strength with an addition in time at low-curing 
5 E a temperature in an unknown mine tailings-geopolymer composite con- 
15 ¢ taining % slag in an unreported mine tailings-geopolymer composite. 
i This demonstrates that the compressive and flexural strengths of con- 
10 + crete cured at low temperatures are less than those of concrete cured at a 
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5f and flexural strengths of such geopolymers might be the sluggish geo- 
5 [ polymer reaction occurring at such low temperatures. 
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Fig. 8. Unconfined compressive strength (UCS) versus forming pressure for 
samples produced at varying water contents, including 15 molarity NaOH 
dosage and cured at 90 °C for 7 days [234]. 
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Fig. 9. Unconfined compressive strength (UCS) of bricks with varying GGBFS- 
and NaOH- content after 28 days [230]. 


geopolymer composites by introducing reinforcing fibers. By studying 
a specimen of geopolymer matrix produced from non-heated phosphate 
mine tailings, Haddaji, Majdoubi, Mansouri, Tamraoui, Manoun, 
Oumam and Hannache [233] demonstrated that the incorporation of 
synthetic fibers (glass and polypropylene) promotes more energy ab- 
sorption and ductile failure as a result of the stress redistribution and the 
fiber’s bridging impact. The 1% synthetic fibers produced the best me- 
chanical qualities, according to the research. When flexural strength was 
improved relative to the original mine tailings-geopolymer composite 
matrix, the percentage increase was 277% for polypropylene fibers and 
27% for glass fibers, respectively. 


8. Durability properties 


Only a few researchers have examined the long-term durability of 
mine tailings-geopolymer composites. With the help of Caballero, 
Sánchez and Ríos [241], the gold mine tailings-geopolymer was exposed 
to sulfate and acid solutions as well as high temperatures. According to 
its findings, as compared to a reference cementitious composite, the rate 
of loss in compressive strength with immersion time in sulfuric and ni- 
tric acid solutions is pretty equal in gold mine tailings-geopolymer 
composites. Similar results have been seen in magnesium and sodium 
sulfate solutions, as well as when the solutions are exposed to high 
temperatures. Ahmari and Zhang [225] discovered that copper mine 
tailings-geopolymer composites submerged for 120 days in aqueous 
solutions with pH values ranging between 4 and 7 had a substantial drop 
(by 58-79% compared to reference specimens) in their plain compres- 
sive strength. The high initial Si/Al proportion and partial geo- 
polymerization of the mine tailings, according to the scientists, were 
responsible for this result. Water absorption and weight loss, on the 
other hand, were quite minor and had lower values in comparison to the 
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Fig. 10. SEM image of geopolymer brick samples made at 15 molarity NaOH, 16% water content, and cured for 7 days at 90 °C: (a) 0% cement kiln dust, (b) 5% 
cement kiln dust, (c) 10% cement kiln dust, and (d) 10% cement kiln dust and after immersion in water for 7 days. (a and c indicate the binder stage, while b indicates 


the unreacted stage) [86]. 


OPC-based binding agent. Another study by Ahmari and Zhang [86] 
showed that introducing cement kiln dust can improve durability and 
unconfined compressive strength. The beneficial impact of cement kiln 
dust was connected to improved aluminosilicate dissolving, production 
of calcium carbonate, and calcium incorporation into the geopolymer 
system. Falayi [228] demonstrated that activating with potassium 
aluminate results in a better resistance of geopolymers to alternate 
wetting and drying than potassium silicate. In every case, the UCS values 
dropped more than threefold after 10 wet and dry cycles. This makes it 
difficult to use these composites in places where there is a lot of wet and 
dry time, and it also makes it important to look into ways to mitigate 
this. 

The utilization of tailings to substitute natural aggregates (gravel or 
sand) in geopolymer concretes, either partially or completely, might 
lead to an upsurge in the water absorption and porosity of the latter 
[209]. In turn, this can make these substances more vulnerable to 
chemical assault, which can have a detrimental impact on their overall 
durability. Further investigation in this field is needed because of a lack 
of understanding about these and other characteristics of the durability 
of mine tailings-geopolymer composites, which suggests a need for 
future research in this area. 


9. Microstructure properties 


The microstructure of geopolymerization products; the content, 
structure, and proportion of the produced amorphous and crystalline 
phases; as well as the existence, distribution, and size of pores, are all 
useful factors in determining the attributes of mine tailings-geopolymer 
composites. 

Falah, Obenaus-Emler, Kinnunen and Illikainen [224] found that 
rising the sodium silicate content of a copper mine tailings-geopolymer 
composite by up to 30% densifies the microstructure of the material. It 
was also discovered that, at such a concentration of sodium silicate, 


almost the whole geopolymer is changed into fused rectangular prisms, 
which indicates a full transition to high alkaline conditions. Manjarrez, 
Nikvar-Hassani, Shadnia and Zhang [158] have discovered that when 
copper slag is put into its geopolymer, the density of the geopolymer 
rises as assessed by SEM image analysis. Its results show that copper slag 
increased the breadth of the amorphous peak in the XRD of copper mine 
tailings-geopolymer composites, whereas the crystalline peak in the 
copper mine tailings remained the same after geopolymerization, which 
is compatible with the SEM findings. 

The XRD examination findings of its 28-day-cured geopolymer also 
reveal a lowering in the ferocity of crystalline peaks, suggesting that the 
dissolution of the Al and Si components in the geopolymerization pro- 
cess has progressed farther than previously thought. SEM pictures of 
copper mine tailings-geopolymer composites obtained in the work by 
Ren, Zhang, Ramey, Waterman and Ormsby [189] show that raised 
aluminum sludge levels lead to the development of more geopolymer 
gels. In addition, they verified that there were no unreacted particles at 
an aluminum sludge concentration of 21% in their experiment. Ac- 
cording to Ahmari and Zhang [86] investigation, as shown in Fig. 10, the 
enhanced microstructure of copper mine tailings-geopolymer compos- 
ites is due to the incorporation of cement kiln dust, which leads to the 
creation of more geopolymer gels, as seen by an increased Si/Al ratio. 

Due to the incorporation of iron mine tailings into fly ash- 
geopolymer composites, Duan et al. demonstrated that the geopolymer 
became denser by producing more C-S-H [136,141]. They also analyzed 
the microstructure of their geopolymer after it had been subjected to 
elevated temperatures and discovered that it had suffered no consider- 
able damage to its microstructure after seven heating cycles at 200 °C. 
Increased numbers of pores and fractures were found after 800 °C 
exposure in fly ash-geopolymer composites that did not include iron 
mine tailings, but this was not the case in fly ash-geopolymer composites 
that included iron mine tailings after the same exposure. 
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Fig. 11. SEM microanalysis of the geopolymer specimen: (a) ambient temperature; (b) at 900 °C; and (c) at 1050 °C [165]. 


10. Thermal properties 


As previously stated, geopolymers, in contrast to OPC binders, are 
recognized for their high thermal stability and the ability to retain 
strength even after being subjected to high temperatures [242,243]. This 
is because of the unique characteristics of its structure, which is formed 
by branched AlO, and SiO, tetrahedral frameworks [242,243]. The type 
of aggregate used to make geopolymers also plays a key role in the 
advancement of their thermal properties. This is because geopolymers 
can be made with several types of aggregates, such as aluminum-silicate 
aggregates. It should be noted that, when geopolymers have tails, a 
careful study of how these materials change and how well they work like 
insulation and fire-resistant materials is needed to figure out if they can 
be used. 

Ye, Zhang and Shi [134] investigated the impact of raised tempera- 
tures on the characteristics of a geopolymer made from bauxite tailings 
and slag. They discovered that the compressive strength of geopolymer 
is somewhat boosted after exposure to 200 °C but that it rapidly reduces 
after exposure to 600 °C. However, the drop in compressive strength was 
substantial between 600 and 1000 °C, with a little gain in compressive 
strength at 1200 °C. Anorthite (CaAlo(SiO4)2), a type of ceramic, was 
discovered to be associated with an increase in strength, which could be 
attributed to self-healing and densification caused by sintering. The 
noticed drop in compressive strength at temperatures reaching 800 °C is 
because of the dissolution of the amorphous stage as well as an extra 
thermal mismatch between the contracting gels throughout the con- 
tracting process. There is also physical harm in the form of cracking on 
the surface of samples. This is also in line with the findings of the 
compression experiment, which showed that there is no severe cracking 
on the sample when it reaches 400 °C. It gets more violent as the tem- 
perature rises, so it starts at 600 °C and goes up to 1200 °C. Also, the 
width of micro-pores in its geopolymer gets bigger as the temperature of 
the material gets higher. 

According to Jiao, Zhang and Chen [165], the strength gain of mine 
tailings-geopolymer composites when subjected to high temperatures 
has also been reported. As a result of sintering, the geopolymers pro- 
duced by the alkali-activated of vanadium tailings with high silica 
content demonstrated an improvement in compressive strength at 


temperatures above 900 °C. This was accompanied by a lowering in the 
content of unreacted aluminosilicate precursor particles and the devel- 
opment of a denser microstructure by means of sintering, as shown in 
Fig. 11. As illustrated in Fig. 12, heating to 1000 °C reduces bulk density 
and strength while increasing fracture and porosity. This effect was 
revealed to be caused by volume expansion and severe thermal 
incompatibility. 


11. Leaching behavior 


Heavy metals are naturally occurring elements that comprise 
essential (e.g., Cu, Fe, Ni, and Zn) and nonessential metals (Cd, Hg, and 
Pb) [244]. These metals are released into the environment by both 
natural and anthropogenic sources such as industrial discharge, auto- 
mobiles exhaust, and mining. For example, toxic heavy metal ions, as 
one of the most common pollutants in wastewater, are harmful and 
widespread, which have severely threatened human health and survival. 
Therefore, the removal of toxic heavy metal ions from wastewater is 
becoming an intractable problem. In recent years, geopolymer-based 
zeolite functional materials have been considered as promising 
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Fig. 12. Compressive strength, residual mass, and bulk density of the geo- 
polymer specimen at high temperatures [165]. 
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Fig. 13. Measured and predicted concentrations of heavy metals at pH = 4 a by first-order reaction/diffusion model (FRDM) [225]. 


adsorbents for the efficient removal of toxic heavy metal ions from 
wastewater due to their wide range of solid raw materials, low price, and 
efficient adsorption properties [245]. 

The presence of various heavy metals in mine tailings is a major 
environmental concern. To prevent their spread in soils and ground- 
water due to leaching, solidification (stabilization) through geo- 
polymerization can be considered as one of the sustainable methods for 
neutralizing tailings containing toxic elements. In this regard, leaching 
characteristics are important indicators describing the effectiveness of 
heavy metal immobilization in geopolymers. As a result, making mine 
tailings-based geopolymers requires extra care when choosing the best 
ways and parts to make them. 

The ability to successfully immobilize the heavy metals contained in 
lead-zinc tailings via physical and chemical ways was demonstrated by 
Zhao, Xia, Yu, Huang, Jiao and Li [67] in geopolymer based on coal 
gangue and blast furnace slag. Although an increase in tailings in pre- 
pared samples led to an increase in the concentration of Zn2*, Pb2*, and 
Cd?* in the leaching solution, these values remained within acceptable 
limits [67]. The obtained geopolymer samples were characterized by a 
compact structure, wherein the crystalline phase Zn?* was found; the 
amorphous phases were characterized by the content of Pb?+ and Cd?*. 

Heavy metal cations can form chemical bonds with reactive com- 
ponents during polycondensation, which can lead to the formation of 
new phases. The formation of the PbO/BaSiO3 phase was observed by 
Hu, Zhong, Yang, Bai, Ren, Zhao, Zhang, Ju, Wen and Mao [246] in rare 
earth tailing-based geopolymers. This is because Pb2* and Ba2* interact 
with unbridged oxygen or the Si/Al chain, which makes sure that the 
heavy metals stay in place inside the framework. 

Ahmari and Zhang [86] reported no effective immobilization of 
arsenic and molybdenum due to geopolymerization in copper mine 
tailings-based geopolymers [225]. The authors also suggested a meth- 
odology to predict trace elements in geopolymers (Fig. 13). The exper- 
imental leaching data in their investigation correlates well with the 


proposed paradigm. Many studies have examined the efficiency of gold 
mine tailings-based geopolymers in immobilizing heavy metals [228, 
230]. It is observed that the immobilization efficiency of Cr, Cu, Zn, Ni, 
and Mn in gold mine tailings, metakaolin, and slag blended geopolymer 
is higher than 98% with the only exception of arsenic and vanadium 
(Va), whose leaching is higher in that geopolymer [230]. 

In gold mine tailings-based geopolymers, the immobilization effi- 
ciency of heavy metals is higher in PA and KOH activated gold mine 
tailings geopolymers than in those synthesized by PS and KOH [228]. 
Kiventeraé, Sreenivasan, Cheeseman, Kinnunen and Illikainen [161], 
Kiventera, Lancellotti, Catauro, Dal Poggetto, Leonelli and Illikainen 
[237] also reported effective immobilization of sulfate and arsenic in 
gold mine tailings-based geopolymer using calcium hydroxide and slag. 
After 7 days of curing, their geopolymer contains over 90% sulfate and 
over 95% arsenic, with other heavy elements immobilized as well. Wan, 
Rao, Song, Leon-Patino, Ma and Yin [170], Wan, Rao, Song and Zhang 
[183]reported that lead (Pb) can be effectively immobilized in the mine 
tailings-geopolymer. They found that the formation of geopolymer gel in 
the binders is very important to the immobilization of Pb. 


12. Applications 


Utilizing mine tailings as a commodity to make geopolymer is a 
promising idea for making it more widely utilized. A lot of articles have 
looked into how mine tailings-geopolymer composites could be utilized. 
Mine geopolymers are a suitable candidate for recycling mine waste, 
construction, stabilizing chemicals, and backfilling mine putty to keep 
harmful elements out. This strategy not only reduces OPC’s carbon 
footprint but also prevents environmental damage caused by the piling 
of mining debris. Table 7 shows the many ways mine tailings can be 
utilized as source substances or aggregates for geopolymer materials 
based on previous work. 
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Table 7 
Various applications of mine tailings-geopolymer composites. 
Mine tailing geopolymer blend types Remarks Applications Refs. 
types 
Copper fly ash-geopolymer composites Microstructures that are the same across the board Binder materials 173] 
cement kiln dust-geopolymer composites high compressive strength; high durability Bricks 86, 
225] 
- Stability in chemical terms 159] 
- High compressive strength 226, 
227] 
- High mechanical characteristics Road-construction materials 172] 
low- calcium slag-geopolymer composites High mechanical characteristics 158] 
Gold Al203 -geopolymer composites High adsorption capacity because of porous structure  Pb2* adsorbent from aqueous sol 94,95] 
Al203 -geopolymer composites High adsorption capacity because of porous structure 
Gold BFS-geopolymer composites & metakaolin High mechanical characteristics Lightweight aggregates 230] 
-geopolymer composites 
fly ash-geopolymer composites Low water absorption and loose bulk density; large 3] 
void volume 
Iron fly ash-geopolymer composites compressive strength and Improved setting time Binder materials 153] 
fly ash-geopolymer composites Low porosity and microcracking; good thermal 141] 
resistance 
Glass wool residue-geopolymer composites High compressive strength and flexural strength 139] 
BFS-geopolymer composites & fly ash- High compressive and hardness strength; Bricks 247] 
geopolymer composites homogeneous structure 
fly ash-geopolymer composites High adsorption capability; porous structure Cu?* adsorbent from water 141] 
- Low electrical resistance; high compressive strength, Bricks 148] 
low water absorption 
- High compressive strength Backfills for building foundations; 168] 
road-bed material, 
Phosphate - High compressive strength Binder materials 97] 
fly ash-geopolymer composites & metakaolin density and Mechanical characteristics are both high 
-geopolymer composites 
Silica-rich fly ash-geopolymer composites Temperature stability across a wide range Fire-resistant materials 165] 
vanadium 
Sphalerite metakaolin -geopolymer composites Toxic components have a high immobilization Pb?* immobilization 183] 


ability 


13. Limitations of the use of mine tailings-geopolymer 
composites 


Despite the advantages of alkali activation of mine tailings, some 
limitations are outlined below: 


1. The processing conditions, which include the temperature, used for 
curing and mixing methods, as well as the water/binder ratio and 
raw material composition, affect the final matrix properties. 

2. Volume reduction because of loss of water during the drying process 
leads to drying shrinkage. The nature of materials and mixture pro- 
portions determine the quantity of change in the volume. 

3. There is also the development of bicarbonate crystals caused by the 
highly alkaline solution on the surface of the sample with carbon 
dioxide in the atmosphere. This is termed efflorescence, which can be 
mitigated by the inclusion of some quantities of active aluminum 
into the process [248]. 

4. There is another problem with using by-products from industrial 
sources as raw materials. Toxic metals can be leached out of them. 


14. Conclusions 
The key annotations for this paper review are as follows: 


1. Mine waste seems to be an attractive option for recovering mine 
waste and generating sustainable building and construction mate- 
rials, mine paste backfills, and stabilizing materials for hazardous 
element immobilization. This strategy not only reduces the carbon 
footprint of typical cementitious materials, but it also keeps the 
environment from being harmed by the large amount of waste from 
mines. 

2. Dehydrated tailings are utilized for the manufacturing of geo- 
polymers more frequently than other forms of tailings. Dehydrated 
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tailings are created either by dry tailing operations or by basically 
drying the mine tailings paste or slurry and subsequently grinding. 


. Mine tailings are often composed of a highly crystalline matrix, 


which results in minimal interaction throughout geopolymerization 
and, consequently, a product with low mechanical characteristics. 
Incorporating extra elements with increased interaction into mine 
tailings-geopolymer composites may efficiently tune and enhance 
the characteristics of the geopolymers. Furthermore, since the ma- 
jority of the additives utilized for this function are industrial by- 
products, their usage has the additional benefit of reducing the 
amount of waste produced. 


. Supplemental materials, especially those with a lot of calcium, tend 


to be better at making geopolymer characteristics. This is caused by 
the production of more CSH gels, which strengthen the matrix due to 
its coexistence with NASH, which increases the density of the matrix. 


. The minerals that form mine tailings are identified by their varying 


chemical reactivity to alkali. The interactions of the precursors’ 
metal components in alkaline conditions affect the structure and 
characteristics of the geopolymer’s aluminosilicate framework. 


. Pre-treatment of mine tailings can be utilized to boost its interaction, 


and it has been done effectively. This can be accomplished by the 
utilization of mechanical, thermochemical, and thermal activation 
techniques that increase the specific surface area of the mine tailings 
components and transform them into amorphous and soluble states. 


. The increase in interaction after pre-treatment enables a high rate of 


geopolymerization at an initial phase and higher mechanical char- 
acteristics of the cured materials. In addition, the high silica con- 
centration of mine tailings raises the molar proportion of SiO02/ 
A1203 in mine tailings-geopolymer composites, impairing the pro- 
cess of geopolymerization. A solution to this difficulty can be found 
by including additional precursors, like metakaolin or scattered 
aluminum oxide, into the mix. 


X. He et al. 


8. Among the most successful pre-treatment methods for industrial 
solid waste, mechanical activation is one of the most effective; for 
instance, grinding may increase the possible interaction of cement- 
based materials. The energy needs for wet-grinding and dry- 
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8. No classification strategy for mine tailings is in place that is based on 


its interaction. Recent research results, like using the topological 
technique to measure how glasses interact, can be used to categorize 
and classify these materials, which will make them easier to use in 


grinding are 1.65 kW and 1.65 kW, respectively, to get rid of the 
product itself. In light of the fact that mineral comminution accounts 
for approximately 4-5% of all global electricity consumption, this 
energy consumption is considerable. 


15. Recommendations 


The following are the main recommendations for future 
investigations: 


1. Many aspects influence how well mine tailings and geopolymer 
composites work, and the synergistic effect between some of them (e. 
g., mineralogy, virtue, elemental distribution) must be addressed in 
order to reap the greatest possible advantage from the use of mine 
tailings. 

2. When employing mine tailings-geopolymer composites, it is crucial 
to consider not only their mineralogical, physical, and chemical 
characteristics but also the possibility of the presence of numerous 
pollutants, like processing liquids, heavy metals, and other contam- 
inants in their composition. However, the concerns about the 
movement of these pollutants under the impact of leaching and other 
processes, in addition to their impact on the attributes of final 
components derived from mine tailings-geopolymer composites, 
have received comparatively little attention in the scientific litera- 
ture. Also, mine tailings can contain natural radionuclides in 
amounts that exceed the radiological safety criteria. This is some- 
thing that should be thought about when using mine tailings in 
geopolymers. 

3. Incorporating extra elements with increased interaction into mine 
tailings-geopolymer composites may efficiently tune and enhance 
the characteristics of the geopolymers. Therefore, further investiga- 
tion is recommended in this regard. 

4. The interactions of the precursors’ metal components in alkaline 
conditions affect the structure and characteristics of the geo- 
polymer’s aluminosilicate framework. Therefore, further investiga- 
tion is recommended in this regard. 

5. Pre-treatment of mine tailings can be utilized to boost their inter- 
action. Therefore, further investigation is recommended in this re- 
gard. Besides, It is not clear how mechanical pre-treatment affects 
the compressive strength of the last geopolymer. This is not as clear 
as how adding extra materials affects it. 

6. Because of the low interaction of native metal trichlorides, the 
presence of beneficial components ingrained in the minerals initially 
processed, and the risk of toxic contamination by leaching compo- 
nents, utilizing tailings for geopolymer preparation is prohibitively 
expensive and time-consuming from an economic and production 
standpoint. Aspects like the geographic closeness of the mining and 
processing enterprises to the mine tailings customers as well as the 
regions where finished geopolymer products are consumed should be 
taken into consideration when conducting a feasibility study for its 
application in geopolymer composites. 

7. Because of the deficiencies in the past decades’ preparation pro- 
cesses, mine tailings accumulating in landfills or tailing piles might 
contain considerable amounts of unrecoverable precious metals and, 
as a result, can serve as a viable technological raw material for 
recycling. If the utilization of metal-comprising tailings is not sup- 
plemented by the mining of beneficial components from them, it may 
be deemed economically unjustifiable. As a result, the concerns of 
neutralization of contaminants present in tailings and further mining 
of useful components from mine tailings for their long-term usage in 
geopolymers need to be addressed. 


geopolymerization. 
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